This paper attempts to investigate the effect of various parameters on the axial compressive behavior of nano-silica concrete-filled angle steel reinforced GFRP tubular columns. The proposed new composite column consists of three parts: the outer GFRP tube, the inner angle section steel and the nano-silica concrete filled between GFRP tube and angle section steel. Twenty-seven specimens with different nano-silica concrete compressive strength (20MPa, 30MPa and 40MPa), diameter-tothickness ratio of GFRP tube (20, 25 and 40) and steel ratio (0.008, 0.022 and 0.034) were tested under axial load. The main purpose of this study is to examine the effect of the three parameters on the following: failure modes, deformation capacity, load bearing capacity, ductility and initial stiffness of the new composite column under axial load. It was found that the load bearing capacity and initial stiffness increased as the nano-silica concrete compressive strength of the specimens increased. But the specimens with higher nano-silica concrete compressive strength showed lower deformation capacity than that of the specimens with lower nano-silica concrete compressive strength. The varieties of the steel ratio have no significant effect on the specimens' axial deformation behavior. Experimental results also showed that both load bearing capacity and deformation capacity increased with the decrease of diameter-to-thickness ratio of GFRP tube. However, diameter-to-thickness ratio of GFRP tube has no significant effect on the initial stiffness of specimens. The confinement coefficient was proposed to better evaluate the confinement effect of GFRP tube on the inner an-gle section steel reinforced core nano-silica concrete. The confinement effect of GFRP tube on lower strength concrete was better, and the confinement effect reduced as the diameter-to-thickness ratio of GFRP tube increased. The design formulas for the load bearing capacity of the nanosilica concrete-filled angle steel reinforced GFRP tubular columns under axial load were proposed.
Introduction
The properties of electronics, mechanics, magnetics and optics of nanometer materials were changed greatly because of their particular surface effect, volume effect and quantum size effect. Nanotechnology was applied successfully to bioengineering, chemical engineering, materials engineering and so on. Its widely applied prospect made nanometer materials and corresponding nanotechnology become one of the hot topics in the scientific research field. In the method of nanosilver-based plating promoted by Pawlowski et al. [1] , the intermediate layer is eliminated. Tseng et al. [2] proposed using colorimetry to define the interrelation between concentration and nano Ag as well as the Ag ions within a nano silver colloid of a specific dilution factor. Numerous studies concern the synthesis of novel antimicrobial nanoproducts as well as modification of already existing nanomaterials in order to supply them with antibacterial activity [3] . Cu nanoparticles as a promising alternative to antibacterial reagents and a growth promoter. Depending on the size, shape, dose and animal species, Cu nanoparticles exhibit a variety of effects on animal performance [4] . Formation of the biocorona on the surface of nanoparticles is a significant obstacle for the development of safe and effective nanotechnologies, especially for nanoparticles with biomedical applications [5] . Recently, nano-concrete has also received more and more attention. This is also driving the use of nanotechnology in infrastructure. Many scholars mixed nanomaterials into concrete to obtain better performance of modified concrete [6] [7] [8] [9] . And the nano-silica concrete used in this paper is one of them.
Fiber reinforced polymer (FRP) has been widely used as a confinement material for concrete columns due to the excellent corrosion resistance, light weight and strong tensile strength. Compared with concrete filled steel tube (CFST), concrete filled FRP tubes (CFFT) have higher compressive strength and stiffness. What's more, CFFT can keep durable for many years without repair in harsh conditions such as in marine environmental conditions. To improve ductility of the core concrete and delay brittle failure of CFFT, internal steel reinforcement is necessary for such a composite column. In this paper, angle steel reinforced concrete-filled GFRP tubular short columns were proposed as an attempt to integrate the advantages of FRP materials, concrete and section steel. Over the past decades, a number of studies focused on the application of fibre reinforced polymer (FRP) in the field of civil engineering have been conducted. Lam et al. [10] [11] [12] put forward stress-strain model suitable for FRP-confined concrete under cyclic axial load and FRP-confined steel tubular columns under monotonic axial load. Zhang et al. [13] conducted several tests to investigate the compression behavior of FRP confined square concrete columns after creep. Han et al. [14] carried out compressive tests on eight specimens to study cyclic performance of FRP-concretesteel double-skin tubular columns. Test results confirmed that the composite column exhibit high levels of ductility and energy dissipation. Hu et al. [15] performed numerical simulation on FRP-wrapped reinforced concrete columns and proposed strength models for the composite column. Tidarut et al. [16] compared the mechanical behavior of reinforced concrete (RC) columns with and without FRP confinement. Feng et al. [17] studied the compressive behavior of concrete-filled square steel tube with FRP-confined concrete core. Siddiqui et al. [18] [19] [20] [21] researched the effect of slenderness ratio on the effectiveness of FRP-strengthening and the results showed that short concrete columns are more effective in improving its load bearing capacity and ductility due to the effective lateral confinement. The three-dimensional finite element also was used to analyze the reinforced concrete columns' mechanical behavior with FRP confinement by Teng et al. [22, 23] . Meanwhile, Mazzucco et al. [24] developed a damage model intended for the simulation and prediction of the response of concrete columns confined with carbon FRP (CFRP) jackets under axial loading. FRP has good resistance to salt, so FRP tube was used as confinement for seawater coral aggregate concrete, seawater and sea sand concrete [25, 26] . What's more, lots of work has been down to research the performance of FRP-confined concrete columns under eccentric load [27] [28] [29] [30] . In recent years, glass fiber reinforced polymer (GFRP) composites have become widely known as a confining material for concrete columns. Studies were dedicated to the evaluation of the behaviors of concrete-filled GFRP tubes or its composites have grown considerably in number [31] [32] [33] [34] .
Most of the previous studies were focused on the compressive behavior of FRP-confined concrete columns. Few experimental works have investigated the axial compression behaviors of section steel reinforced concrete-filled GFRP columns. Therefore, more studies concerning this kind of composite columns are required. To achieve better mechanical performance, this paper recommends nanosilica concrete-filled angle steel reinforced GFRP tubular column as a new form of composite column.
Experimental program

Specimen preparation
A total of twenty-seven specimens were tested under axial load, details of the test specimens are presented in Table 1 . Three parameters in this test include:
• Nano-silica concrete compressive strength (fc): fc = 20MPa, fc = 30MPa and fc = 40MPa. • Diameter-to-thickness ratio of GFRP tube (ζ ): ζ = 20, ζ = 25 and ζ = 40. • Steel ratio (ψ): ψ = 0.008, ψ = 0.022 and ψ = 0.034.
All the specimens have an outer diameter of 200 mm and a height of 500 mm, the difference is that the thickness of GFRP tube are 5mm, 8mm and 10mm, respectively. And the diameter-to-thickness ratio of GFRP tube is defined as ζ = D/t, where t is the GFRP tube's thickness. Three types of GFRP tubes with different diameter-thickness ratio are shown in Figure 1 . Three types of angle section steel with changed section size were used to manufacture the specimens. Steel ratios of the specimens are determined by cross-sectional area of the angle section steel. The composite column's steel ratio is defined as following: ψ = As /(As + Ac), where As and Ac are cross-sectional area of angle section steel and nano-silica concrete, respectively. Equilateral angle section steel was used in the specimen manufacture. Geometrical dimension of the angle section steel is listed in Table 2 , where b and t are limb width and thickness of the angle section steel, respectively. Figure 2 shows the cross section of the composite column, while Figure 3 presents all the specimens before compression test.
Test specimens were labeled according to the three parameters (GFRP tube's diameter-to-thickness ratio, steel ratio and nano-silica concrete compressive strength). For example, the label 'ζ 25-ψ0.034-C30' is defined as the following specimen:
• The first part 'ζ 25' denotes that the diameter-tothickness ratio of GFRP tube is 25. • The second part of the label 'ψ0.034' denotes that steel ratio of the specimen is 0.034. • The last part of the label 'C30' indicates that the design nano-silica concrete compressive strength of specimens is 30MPa. 
Material properties
The hot rolled Q235 angle section steel was used to make specimens. To obtain the properties of angle section steel, the study carried out three basic tensile coupon tests, and such tensile coupons were randomly cut from the steel plates. The tensile tests produced the following results: the average value of yield strength is 240.6MPa, the average value of ultimate tensile strength is 372.9MPa and the aver- Hydrophilic-380 nano SiO 2 were used to make the nano-silica concrete, the specific surface area of the nano SiO 2 is 380 mm 2 /g and the particle size is 7-40nm. The crushed stone with the maximum size of 30mm and the natural medium sand were used as the coarse aggregate and the fine aggregate. The strength grade of the common Portland cement is 32.5 and the tap water is used for the nano-silica concrete. According to three types of conventional concrete in the design of concrete structures code, three kinds of modified nano-silica concrete with corresponding strength grade were prepared. Table 3 shows the mix proportion of nano-silica concrete. The measurement of the cubic compressive strength (fcu) is drawn from standard concrete cube tests (150mm×150×mm×150mm). The results of standard concrete cube tests are shown in Table 4 , where fcu,m is average value of the standard cube compressive strength, fc,m is cylinder strength of concrete (fc,m = 0.8fcu,m). The Hydrophilic-380 nano SiO 2 and the prepared nano-silica concrete are shown in Figure 4 . A two-axis filament winding machine was utilized in the manufacture of the GFRP tubes. The glass fiber's angle is pegged at ±45 ∘ , taking into account the hoop direction. The corresponding circumferential tensile strength of the GFRP is 430 MPa, and its Elastic module is 22 GPa.
Compressive tests on specimens
To have a better understanding and a comprehensive knowledge of the mechanical behaviors of the composite columns, strain gauges were used on four typical test specimens (specimen ζ 20-ψ0.034-C40, ζ 40-ψ0.034-C40, ζ 40-ψ0.034-C20 and ζ 40-ψ0.008-C40) to obtain local strain distributions. The longitudinal and transverse strain gauges were positioned on two locations with an interval of 90 ∘ at the mid-height section of the GFRB tube. Overall, four strain gauges were utilized in every specimen. The arrangement of strain gauges is shown in Figure 5 . ϵ1 and ϵ3 measure the longitudinal strain, ϵ2 and ϵ4 measure the transverse strain. Strain Measurement System DH3816 was used to get the strain of each gauge in the test.
A universal testing machine with a capacity of 4500kN was used in the compression tests. To avoid the eccentric force, the top and bottom surfaces of specimens were polished off and parallel with the platform. The loading was controlled by force, and the loading rate was 2kN/s. The entire test system is shown in Figure 6 .
Test results and discussion
Failure modes
The experimental phenomena of all test specimens were similar under axial load. In the earlier stage of loading, the When the load achieved about ninety percent of the ultimate load, the sheared fiber bundles started to peel from fracture along the direction of fiber winding. When the load achieved the ultimate load, the GFRP tube cracked suddenly and the loud sound "peng" could be heard, thus making the test specimen destroyed. Several typical specimens after compression test were shown in Figure 7 . After the compression test, the GFRP tube were cut open and removed, as shown in Figure 8 . As reflected in Figure 8 , crushed nano-silica concrete core could be observed at the place where the fiber bundle sheared. What's more, there were many vertical cracks in the nano-silica concrete body. The core nano-silica concrete was also removed to observe the deformation of the angle steel after loading, as shown in Figure 9 . Both overall buckling and local buckling could be observed. Figure 10 shows a set of specimens' typical load-strain curves. Strains of the four specimens under load are listed in Table 5 . As shown in Table 5 , ϵ h is the average value of the two hoop strains of each specimen, given ϵ h = (ϵ 1 + ϵ 3 )/2. ϵa is the average value of the two axial strains of each specimen, given ϵa = (ϵ 2 + ϵ 4 )/2. Based on the test data, the load-strain curves of the four specimens can be obtained, as shown in Figure 10 . The maximum hoop strain in the linear stage is about 400×10 −6~6 00×10 −6 , the maximum axial strain in the linear stage is about 1600×10 −6~2 400×10 −6 . It can be seen from Figure 10 that the slope of the P-ϵ h curve is about four times as large as that of the corresponding P-ϵa curve (compare the P-ϵ h curve and P-ϵa curve of the same specimen), indicate that the axial strain is about four times as large as that of the corresponding hoop strain under the same axial load in the first linear stage. The strain of specimen ζ 20-ψ0.034-C40 is larger than that of specimen ζ 40-ψ0.034-C40 under the same load, infer that the strain of the specimen with smaller diameter-to-thickness ratio of GFRP tube develop slower with the increase of axial load. The slope of the load-strain curve of specimen ζ 40-ψ0.034-C40 is larger than that of specimen ζ 40-ψ0.034-C20 under the same load, indicate that the strain of the specimen with higher concrete compressive strength develop slower with the increase of axial load. Load-strain curve of specimen ζ 40-ψ0.034-C40 and specimen ζ 40-ψ0.008-C40 has no great difference, indicate that steel ratio has no great influence on the development of the strain with the increase of axial load. Figure 11 , Figure 12 and Figure 13 show the axial load versus displacement curves for the typical specimens. The curves consist of the first initial stage, the second elastic stage, and the last elastic-plastic stage. The slope of the curves was very gentle during the initial stage. Since the core nano-silica concrete had not yet been pressed hard, the constraint effect of GFRP tube on the core nano-silica concrete had not yet fully developed. The curve entered the elastic stage as the constraint effect fully developed with the increase of load. In this stage, the axial displacement is almost proportional to the axial load and the stiffness of the stage is higher than the other two stages. Compared with the elastic stage, the axial deformation of the specimen increased faster and the stiffness decreased in the elastic-plastic stage. The stiffness of the column declined with the increase of the load until the specimen was broken in this stage. Because the brittle failure of the GFRP tube when the load of the specimen achieves ultimate load, the curves bend suddenly downward.
Load versus strain curves
Axial load-displacement relationships
As reflected in Figure 11 , the specimen's stiffness with different diameter-to-thickness ratio of GFRP tube has no great difference in the elastic stage. The stiffness of the specimens does not change with varieties of the diameter-to-thickness ratio of GFRP tube regularly. The ultimate load of the specimen increases with the decrease of diameter-to-thickness ratio of GFRP tube. Specimens with smaller diameter-to-thickness ratios of GFRP tube have a longer elastic-plastic stage. What's more, the axial displacement corresponding to the ultimate load is also increase with the decrease of the diameter-to-thickness ratio of GFRP tube. Thicker GFRP tube supplies higher lateral confinement to core nano-silica concrete, so specimen with thicker GFRP tube has higher axial compression resistance. The effects of having a greater confining pressure across the crack face include delayed failure and higher shear capacity. Figure 12 presents the effects of nano-silica concrete compressive strength on the specimens' axial deformation behavior. From Figure 12 , the ultimate load of the specimen increase with the increase of nano-silica concrete compressive strength. It can also be seen from Figure 12 that the displacement at the ultimate load of specimen with higher concrete compressive strength is smaller than that of those specimens with lower concrete compressive strength. This leads to the conclusion that increasing the nano-silica concrete compressive strength can increase the load bearing capacity of the composite column, but decrease the deformation capacity. Furthermore, the figure shows that in the elastic stage, curves of those specimens with higher nanosilica concrete compressive strength have a deeper slope, signifying a higher stiffness. What's more, the stiffness of specimens with concrete strength C40 is larger than that of the specimens with concrete compressive strength C20 and C30 obviously in the elastic phase, but the stiffness of the specimens with concrete compressive strength C20 and C30 have no great difference. Figure 13 presents how steel ratio affects the axial deformation behavior of the specimens. Based on the figure, the axial deformation behavior of the specimens does not change with varieties of the steel ratio regularly if the steel ratios range from 0.08 to 0.034. 
Load bearing capacity
Within the period of loading process, the maximum load is defined as the ultimate load (Pu) of the specimens. The ultimate load of each specimen is listed in Table 6 . What's more, Figure 14 displays the ultimate load versus nano-silica concrete strength curves. It can be seen from Figure 14 that the ultimate load increases obviously with the increase of the nano-silica concrete compressive strength. In addition, it is found that the develop trend of these curves is the same. Generally, the ultimate load of the specimen increase linearly with the increase of nano-silica concrete compressive strength. The ultimate loads of the specimens with nano-silica concrete compressive strength of C30 increased 4.55%~21.69% compared with that of the specimens with nano-silica concrete compressive strength of C20 (each of the two intercompared specimens are under the same diameter-to-thickness ratio of GFRP tube and steel ratio). The ultimate loads of the specimens with nano-silica concrete compressive strength of C40 increased 5.09%~33.13% compared with that of the specimens with nano-silica concrete compressive strength of C30 (each of the two intercompared specimens are under the same diameter-to-thickness ratio of GFRP tube and steel ratio). The ultimate loads of the specimens with nano-silica concrete compressive strength of C40 increased 9.87%~48.49% compared with that of the specimens with nano-silica concrete compressive strength of C20 (each of the two intercompared specimens are under the same diameter-to-thickness ratio of GFRP tube and steel ratio). Ultimate load versus diameter-to-thickness ratio of GFRP tube curves are shown in Figure 15 . The diameterthickness ratio of GFRP tube has a great influence on the ultimate load of the specimens. The ultimate load decreased obviously as the diameter-to-thickness ratio of GFRP tube increased. The slope of these curves decrease with the increase of the concrete compressive strength, infer that the decreasing rate of the ultimate load getting smaller with increase of the diameter-to-thickness ratio of GFRP tube. What's more, the develop trend of these curves is generally the same, indicate that effect of the diameter-to-thickness ratio of GFRP tube on the ultimate load of the composite columns with different concrete compressive strength and steel ratio is similar. The ultimate loads of the specimens with diameter-to-thickness of GFRP tube of 25 decreased 10.36%~33.52% compared with that of the specimens with diameter-to-thickness ratio of GFRP tube of 20 (each of the two intercompared specimens are under the same concrete compressive strength and steel ratio). The ultimate loads of the specimens with diameter-to-thickness ratio of GFRP tube of 40 decreased 20.46%~34.97% compared with that of the specimens with diameter-to-thickness ratio of GFRP tube of 25 (each of the two intercompared specimens are under the same concrete compressive strength and steel ratio). The ultimate loads of the specimens with diameterthickness of GFRP tube of 40 decreased 30.52%~49.58% compared with that of the specimens with diameter-tothickness ratio of GFRP tube of 20 (each of the two intercompared specimens are under the same concrete compressive strength and steel ratio). As shown in Figure 16 , the ultimate loads of the specimens fluctuate with the steel ratios. So when the steel ratio of the specimens increase, the ultimate load of them may not increase as expected.
Confinement coeflcient
The main function of GFRP tube is to provide confinement to the internal material. Thus, in order to assess the confinement effect of GFRP tube on angle section steel reinforced core nano-silica concrete, the confinement coeffi-cient is defined as:
= Pu / (As × fy + Ac × fc,m)
Where Pu represents the load-bearing capacity of the columns under axial load, As and Ac are the crosssectional area of the angle section steel and the core nanosilica concrete, respectively. fy is the yield strength of the angle section steel, fc,m is the cylinder strength of nanosilica concrete, and fc,m = 0.8fcu,m. All the confinement coefficients of the specimens were list in Table 6 , which span from 1.46 to 3.96. Figure 17 shows the effect of diameter-to-thickness ratio of GFRP tube on the confinement coefficient. The develop trend of the -ζ curves are similar to the Pu-ζ curves. This infer that the effect of diameter-to-thickness ratio of GFRP tube on the confinement coefficient is similar to the effect of diameter-thickness ratio of GFRP tube on the ultimate load. The confinement coefficient decreases with the increase of diameter-to-thickness ratio of GFRP tube, and the larger the diameter-to-thickness ratio is, the slower the confinement coefficient declines. The thicker GFRP tube gives more confinement to core nano-silica concrete, thus making the load bearing capacity of the core nano-silica concrete under triaxial stress is several times more than that of the core nano-silica concrete under uniaxial stress. As is shown in Figure 18 , with the increase of nanosilica concrete strength grade, the confinement coefficient of the specimen decreased gradually. Although the load bearing capacity of the specimen with higher nano-silica concrete compressive strength is much larger than that of the specimen with lower nano-silica concrete compressive strength, the confinement effect of the GFRP tube on the core nano-silica concrete decreases as the nano-silica concrete compressive strength increased. Figure 19 shows the effect of steel ratio on the confinement coefficient. When ζ = 40 or ζ = 25, it can be seen from Figure 19(a, b) that the confinement coefficient decreased when the steel ratio changed from 0.008 to 0.022. Increasing the steel ratio from 0.022 to 0.034, the confinement coefficient does not change much. However, It can be seen from Figure 19(c) , When ζ = 20, the confinement coefficient decreased with the increase of the steel ratio.
Ductility coeflcient
The displacement at sixty percent of the ultimate load is defined as the yield displacement (∆ 0.6 ). The displacement at the ultimate load is defined as the ultimate displacement (∆u). For the purpose of quantifying the ductility of the composite column, the present study made use of a ductility coefficient (DC), as following:
The results of calculated DC were shown in Table 6 . These values ranged from 2.0 to 3.0, this indicates that, when the axial load reaches 0.6Pu, the displacement was less than half of the ultimate displacement. In this paper, 0.6Pu was proposed as the design load-bearing capacity of the column, and there were enough surpluses of the deformation and load bearing capacity of the column. The average value of ductility coefficient of the nine specimens with ζ = 40 is 2.2, the average value of ductility coefficient of the nine specimens with ζ = 25 is 2.3 and the average value of ductility coefficient of the nine specimens with 
Design formulas for the load-bearing capacity
A corrected formula, according to the research of He et al. [35] on channel steel reinforced concrete-filled GFRP tubular short columns, has been proposed to calculate load-bearing capacity of nano-silica concrete-filled angle steel reinforced GFRP tubular columns under axial load based on the test results. The proposed formula can be expressed as follows.
Pu = fcc Ac
Where Pu is the load-bearing capacity of nano-silica concrete-filled angle steel reinforced GFRP tubular columns under axial load, fcc is the conversion cross section strength of constrained steel reinforced nano-silica concrete in GFRP tube, and Ac is the cross-sectional area of nano-silica concrete. Using test results through regression analyses, the following corrected models of fcc are obtained:
Where f 0 is the conversion strength of the unconstrained steel reinforced nano-silica concrete, described as: f 0 = (fy As + fc,m Ac)/(As + Ac)
σ R is the ultimate confinement stress of GFRP tube to the steel reinforced core nano-silica concrete, given as:
Where f h is the ultimate hoop tensile strength of GFRP tube, t is thickness of GFRP tube, and D inner diameter of GFRP tube. The final formula can be expressed as:
Pu = [(fy As + fc,m Ac)/(As + Ac)
+ 2.8(2f h t/D) 0.821 ]Ac
To verify the accuracy of the proposed models, the calculated load-bearing capacity (P uF ) were compared with the values obtained from test results (Pu). Table 6 shows the comparison. It can be observed from Table 6 that the average ratio of P uF to Pu is 0.99, max value is 1.14, min value is 0.85, and standard deviation value is 0.01. The comparison results show a high accuracy of the proposed models in the load-bearing capacity prediction of the composite column.
Conclusions
This paper presents an experimental research on the nanosilica concrete-filled angle steel reinforced GFRP tubular columns. Based on the test results, the following major conclusions are concluded.
The failure mode of the composite column remains the same. All the test specimens failed due to the sudden rupture of the GFRP tube and the crushing of core nano-silica concrete.
Load bearing capacity of the composite column increases as the nano-silica concrete compressive strength increases. Higher concrete compressive strength can also lead to higher initial stiffness in the elastic stage. However, the composite column with higher concrete compressive strength shows lower deformation capacity. And the confinement effect of GFRP tube on lower strength concrete is better.
The initial stiffness of the composite column with different diameter-thickness ratio of GFRP tube has no great difference. As the diameter-thickness ratio of GFRP tube decreased, the confinement coefficient, load bearing capacity and deformation capacity of the composite column all increased.
Calculation formulas for the confinement coefficient and load-bearing capacity of the nano-silica concretefilled angle steel reinforced GFRP tubular columns under axial load were recommended, and the predictions of the study coincided well with the experimental results.
